Stem-like cells have been identified in a number of human solid tumor types.^[@bib1]^ They may have a crucial role in tumorigenesis and tumor progression, including tumor metastasis, drug resistance and recurrence.^[@bib2],\ [@bib3]^ Importantly, stem-like cells, often termed cancer stem cells (CSCs) or tumor-initiating cells, are associated with an aggressive disease process and poor prognosis,^[@bib4]^ indicating that an understanding of their biology is pertinent to developing effective therapies.^[@bib5]^

CSCs utilize many of the same signaling pathways that are found in normal stem cells, including Hedgehog, Notch and Wnt signaling.^[@bib6]^ These embryonic signaling pathways are all known to induce epithelial--mesenchymal transition (EMT) along with factors, such as TGF-*β* and various cytokines.^[@bib7],\ [@bib8],\ [@bib9],\ [@bib10]^ EMT was originally defined as a process of cellular reorganization essential for embryonic development, resulting in the loss of cell-to-cell adhesion, and gain of invasive and migratory mesenchymal properties.^[@bib11]^ The EMT process is induced not only by embryonic signalings, but also through tumorigenic signaling pathways, such as Ras-mitogen-activated protein kinase (MAPK), phosphatidylinositol 3-kinase (PI3K)-AKT and TGF-*β*. Emerging evidence suggests that there is a significant linkage between the EMT process and generation of CSCs. For example, transcriptional factors, such as snail, slug and Twist, have a role in both processes. Their expression also correlates with poor prognosis in cancer patients.^[@bib12]^

ATP citrate lyase (ACL) connects glucose metabolism to lipid synthesis. It catalyzes the conversion of cytosolic citrate to acetyl-CoA and oxaloacetate,^[@bib13]^ so as to generate cytosolic acetyl CoA from mitochondrially derived citrate. Cytosolic acetyl-CoA is the requisite building block for endogenous lipid synthesis as well as for acetylation reactions that modify proteins. Growth factors (such as EGF, insulin and PDGF) lead to activation of the PI3K/AKT pathway and this in turn leads to increased enzymatic activity of ACL via AKT-mediated ACL phosphorylation, suggesting ACL\'s role in cell growth and differentiation. A definitive role for ACL in tumorigenesis has emerged from the Thompson group,^[@bib14],\ [@bib15]^ which reported that decreasing the expression of ACL by shRNA or its activity by a small-molecule inhibitor suppressed tumor growth (leading to a cytostatic effect) and promoted differentiation in numerous glycolytic tumors.^[@bib14],\ [@bib15]^ We have previously extended these findings and reported that ACL knockdown (KD) in non-small-cell lung cancer (NSCLCs) cells reverses EMT *in vitro* and *in vivo*, and suppresses tumor growth, through intercepting PI3K/AKT signaling, but without effect on Ras-MAPK signaling.^[@bib13]^ Here, we show that ACL KD suppresses cancer stemness in numerous cell types, and does this at least partially through affecting snail expression and function.

Results
=======

ACL KD reduces stem cell population in NSCLC cells
--------------------------------------------------

The EMT is often accompanied by the induction of stemness.^[@bib16]^ As, we previously reported that ACL KD reverses EMT in NSCLC,^[@bib13]^ we hypothesized that ACL KD might impact CSCs.

Following published studies, we used the aldefluor^[@bib17],\ [@bib18],\ [@bib19]^ assay, and assessed CD133 (general stem cell markers),^[@bib20],\ [@bib21]^ the verapamil (an ABC transporter inhibitor) sensitive side population^[@bib21],\ [@bib22],\ [@bib23],\ [@bib24]^ and CD44 expression ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}) to detect lung CSCs, using control and ACL KD cells generated for the human NSCLC cell lines A549, H1975, and H1650.^[@bib13]^ A549 cells bear a K-ras mutation, whereas the last two cell types bear EGFR mutations. H1975 cells harbor two mutations in the EGFR (L858R/T790M) and are gefitinib-insensitive, whereas H1650 cells carry an activating EGFR mutation caused by a deletion in exon19 (delE746-A750) and are gefitinib-sensitive. Fluorescence-activated cell sorting (FACS) analyses were performed to identify aldefluor-positive or CD133-positive cells ([Figure 1a](#fig1){ref-type="fig"}). Similarly, a side population analysis was performed. All three methods consistently showed that the percentage of positive cells was downregulated by ACL KD in each cell line, even though the quantification differed ([Figure 1a](#fig1){ref-type="fig"}). To further confirm the effects of ACL KD on lung CSCs, we used the tumorsphere assay. Stable ACL KD showed clear diminution of tumorsphere formation ([Figure 1b](#fig1){ref-type="fig"}) in the tumor cell lines. BEAS-2B cells served as negative controls. Inducible ACL KD in A549 cells also showed significant decrement in tumorsphere formation ([Figure 1c](#fig1){ref-type="fig"}) and confirmed data from the ACL stable KD cells. Collectively, these data show that ACL KD can impact stem cells in various lung cancer cells driven by either ras activation or by EGFR-activating mutations.

ACL KD affects stem cell populations in a breast cancer cell line
-----------------------------------------------------------------

As there exist no definitive markers or absolute isolation methods for stem cells in lung cancer, we chose the well-characterized human mammary breast cancer cell lines (HMLE and HMLER)^[@bib25]^ for further experimentation. In this system, CSC markers are well established. HMLE cells are non-transformed mammary epithelial cells and are composed of a single population detected as CD44 negative and CD24 positive ([Figure 2a](#fig2){ref-type="fig"}). Constitutively active H-Ras (H-rasV12) transforms HMLE into Ras-transformed cells (HMLER) and induces a new population (stem cell population), detected as CD44 positive and CD24 negative. Ras-transformed HMLE (HMLER) cells, therefore, are composed of two populations, a newly induced stem cell population (S) and a non-stem cell population (NS), which can be separately isolated by FACS ([Figure 2a](#fig2){ref-type="fig"}). The stem cell population has spindle-shaped cell morphology and expresses mesenchymal markers (vimentin) and forms mammospheres, in contrast to the non-stem cell population (cobble-stone like cells, which express epithelial markers, and exhibit minimal mammosphere formation; [Figure 2a](#fig2){ref-type="fig"}). Actually, the stem cell population in HMLER cells (S cells) expresses a higher amount of ACL protein compared with the non-stem cell population (NS cells; [Supplementary Figure 2](#sup1){ref-type="supplementary-material"}). Using HMLER cells, inducible ACL KD cells (R-ACL KD) and inducible ACL overexpression cells (R-eACL) were generated and processed for FACS analysis. We found downregulation of the stem population in ACL KD cells and upregulation by ACL overexpression ([Figure 2b and c](#fig2){ref-type="fig"}), suggesting that ACL expression levels 'regulate\' stem cells. The stem cell population isolated from HMLER cells (S cells) was treated with hydroxycitrate, an enzymatic inhibitor of ACL, and analyzed by flow cytometry. Hydroxycitrate increased the non-stem cell population ([Figure 2d](#fig2){ref-type="fig"}) in a dose-dependent manner, suggesting that blocking the enzymatic activity of ACL reduced the stemness at least partially.

MAPK, but not PI3K, signaling is required for maintenance of ras-induced stemness in HMLER cells
------------------------------------------------------------------------------------------------

In order to clarify which downstream signals mediated by H-Ras generate stem cells in HMLE cells, we treated HMLER cells with a PI3K inhibitor or one or two MEK inhibitors for 3 days. We had anticipated that the PI3K inhibitor would have the maximal impact, as we had previously shown that ACL KD did not affect Ras-MAPK signaling, but inhibited the PI3K pathway and that PI3K inhibitors reversed EMT.^[@bib26],\ [@bib27]^ As expected, the inhibitors (PI3K inhibitor LY294002 and MEK inhibitor U0126) were effective in downregulating the phosphorylation state of pAKT and pERK, respectively, in HMLER cells. However, to our surprise, only the MEK inhibitors (U0126 and PD035901) abolished the stem cell population ([Figure 3a](#fig3){ref-type="fig"}), in contrast to the impact that both PI3K and MEK inhibitors had on reversing EMT. In these cell lines, cell viability was affected by LY294002 but only at higher concentrations ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}). These data suggest that there might be additional ways by which ACL KD affects cancer stemness. We hypothesized that these 'additional point(s)\' would be in the MAPK signaling pathway, downstream of MEK, as a MEK inhibitor impacted stemness in this model.

As transcriptional factors, such as snail, slug and twist, promote EMT and stemness, we assessed the expression of these factors in the HMLER cells treated with MEK and PI3K inhibitors. There was minimal or no change in transcription factor expression for slug, twist, ZEB1 and ZEB2 by both inhibitors, whereas MEK inhibitor decreased snail protein expression ([Figure 3b](#fig3){ref-type="fig"}, [Supplementary Figure 4](#sup1){ref-type="supplementary-material"}), suggesting that snail might be serving as a target for ACL KD to inhibit Ras-induced stemness in HMLER cells.

Effects of ACL KD on snail-induced stemness
-------------------------------------------

Snail is a downstream regulator of Ras-MAPK^[@bib26],\ [@bib27]^ signaling and is known to induce stemness in HMLE cells.^[@bib16]^ To obtain insights into the stemness inhibiting effects of ACL KD, we studied the effects of ACL KD on snail-induced stemness in HMLE cells. Snail overexpressing HMLE cells (E-snail) and ACL KD HMLE-snail cells (E-snail ACL KD) were generated and analyzed by flow cytometry and the mammosphere assay ([Figure 4a](#fig4){ref-type="fig"}). E-snail cells manifested an obvious stem cell population in flow cytometry and clear mammosphere formation. ACL KD in these cells (E-snail ACL KD) partially downregulated the stem cell population and partially reduced mammosphere formation. Similarly, treatment with hydroxycitrate also showed partial downregulation of stemness in E-snail cells ([Figure 4b](#fig4){ref-type="fig"}).

Association of ACL and snail
----------------------------

Based on the partial effect of ACL KD on snail-induced stemness, we tested for a possible 'association\' between snail and ACL. We performed three assays to test snail-ACL 'association\': (1) regulation of each\'s expression by the other, (2) protein--protein interaction and (3) functional cooperation affecting the transcriptional activity of snail.

To address the first issue, ACL overexpressing HMLE cells (E-eACL) were generated ([Figure 4b](#fig4){ref-type="fig"}). ACL overexpression in non-tumorigenic HMLE cells (E-eACL) caused no upregulation of snail protein and no upregulation of stemness (data not shown). However, in tumorigenic HMLER cells, ACL overexpression (R-eACL) increased snail expression and increased stemness ([Figure 4b](#fig4){ref-type="fig"}). This indicated that ACL itself cannot promote stemness, but in a tumor cell context, ACL overexpression can amplify stemness. On the other hand, snail overexpression in non-tumorigenic HMLE cells (E-snail cells) showed increased ACL expression ([Figure 4b](#fig4){ref-type="fig"}) and induced stemness ([Figure 4a](#fig4){ref-type="fig"}). This increased stemness was slightly downregulated by ACL KD (E-snail ACL KD; [Figure 4a](#fig4){ref-type="fig"}), where snail expression was also reduced ([Figure 4b](#fig4){ref-type="fig"}), suggesting that snail could initiate stemness by itself, and ACL expression might regulate snail\'s function through affecting snail protein expression level. For example, ACL might stabilize snail protein. This idea was further supported by experiments using A549 cells, in which Ras is activated ([Figure 4d](#fig4){ref-type="fig"}). Snail protein expression in A549 cells was clearly reduced by ACL KD, and snail downregulation by ACL KD was also observed in a non-Ras-dependent context ([Supplementary Figure 5](#sup1){ref-type="supplementary-material"}). Moreover, retroviral introduction of snail, but not a control vector, induced ACL protein expression ([Figure 4d](#fig4){ref-type="fig"}), even when ACL expression was knocked down by shRNA (A549-ACL KD-snail). The ACL expression levels in A549 cells reflect amounts noted in the stem cell population ([Figure 4d](#fig4){ref-type="fig"}). The fact that snail overexpression increases ACL expression in ACL-KD cells, may partially explain why ACL-KD was not effective at reversing stemness in snail-overexpressing cells. In the Ras-activated A549 cells, snail expression is clearly regulated by ACL expression level. Reduced snail expression by ACL KD could not be rescued by AKT1 or AKT2 overexpression ([Figure 4e](#fig4){ref-type="fig"}), again suggesting that the PI3K/AKT pathway is not of stem cell relevance.

To address whether snail and ACL protein might interact, HMLE, stem cell population (S) from HMLER, E-snail and E-snail ACL KD cells were processed for immunoprecipitation (IP)--western blotting (WB; [Figure 4c](#fig4){ref-type="fig"}). Physical association between endogenous ACL protein and overexpressed snail protein was observed in E-snail cells, where the amounts of both proteins were highest. These data suggest that both proteins may be part of a complex. We speculate that this interaction might be associated with protein stabilization of the snail protein.

To gain more insight into the functional relationship between ACL and snail, we tested the effects of ACL protein expression level on the (inhibitory) transcriptional activity of snail on the human E-cadherin promoter. The E-cadherin promoter activity was monitored in the presence of ACL shRNA using E-snail cells. Transiently transfected ACL shRNA increased E-cadherin promoter activity dose dependently ([Figure 4f](#fig4){ref-type="fig"} left), suggesting that transient ACL KD reduced the transcriptional inhibitory activity of snail. Next, we studied E-cadherin promoter activity using the inducible ACL KD system. Promoter activity was reduced dose dependently by a transiently introduced snail construct, which was rescued by induced ACL KD with doxycycline ([Figure 4f](#fig4){ref-type="fig"} right). In the same system, using different amounts of snail construct and doxycycline, the induced ACL KD, confirmed by WB, clearly counteracted snail\'s inhibitory activity ([Figure 4g](#fig4){ref-type="fig"}). Of note, the expression of snail protein was also reduced in direct proportion to the KD level of ACL expression, indicating that the expression level of ACL regulates snail expression and, in turn, snail transcriptional activity.

Collectively, our data suggest that even though the ACL KD effects were not fully reversing snail-induced stemness, ACL expression impacts snail\'s function and both proteins might cooperatively function to induce stemness. Snail is, at least partially, one target for ACL KD that has a role in ACL\'s ability to impact Ras-induced stemness.

Reduced stemness by ACL KD in A549 cells is partially rescued by acetate supplementation
----------------------------------------------------------------------------------------

The ACL KD state limits acetyl CoA synthesis from citrate in the cytoplasm. Acetate is the other source of cytoplasmic acetyl CoA, which is synthesized by the ACAS II enzyme.^[@bib13]^ Cytoplasmic acetyl CoA depletion might be a mechanism by which ACL KD is working, as hydroxycitrate treatment mimicked ACL KD. Thus, we hypothesized that supplementation with acetate might rescue the ACL KD phenotype. This was found to be the case for rescue of ACL function as it relates to histone acetylation,^[@bib28]^ PI3K-AKT signaling^[@bib13]^ and to growth arrest and apoptosis.^[@bib13],\ [@bib29]^ Here we tested acetate\'s effect on cancer stemness. As shown in [Figure 4e](#fig4){ref-type="fig"}, acetate partially rescued stemness as assessed by tumorsphere formation and FACS analysis using breast CSC markers. Also we assessed the effects of AKT1 and AKT2 overexpression on EMT and stemness. AKT2, but not AKT1, partially rescued EMT ([Figure 4e](#fig4){ref-type="fig"}); however, there was no effect on stemness ([Figure 4e](#fig4){ref-type="fig"}), consistent with our data using the PI3K inhibitor, showing that there was no effect of inhibiting PI3K-AKT signaling on the maintenance of stemness ([Figure 3a](#fig3){ref-type="fig"}).

Stemness inhibition by ACL KD in other systems
----------------------------------------------

We have already noted that ACL KD can impact stemness in two Ras-driven cell lines (A549 and HMLER) and in two other cell lines (H1975 and H1650) that have this pathway activated upstream events (EGFR activation, in this case). Moreover, we have shown in the HMLER system that the Ras-MAPK pathway was critical for maintaining stemness. To test the possibility that ACL KD might impact non-Ras-induced stemness, we obtained cell lines in which stemness is not induced by Ras. ACL KD cells were generated in MCF10A breast epithelial cells stably overexpressing the catalytic domain of PI3K (MCF10A PIK3CA),^[@bib30]^ MCF10A cells stably overexpressing PTEN shRNA (MCF10A shPTEN), MCF10A cells inducibly overexpressing Src (MCF10A ER-Src) and C8161 invasive melanoma cells (carrying mutated p53). ACL KD cells in these cells showed significant reduction of stemness, as assessed in the tumorsphere assay ([Figure 5](#fig5){ref-type="fig"}), suggesting generalized significance of ACL KD for the inhibition of cancer stemness. Importantly, reduction of snail expression was observed in each ACL KD in these cell lines ([Figure 5d](#fig5){ref-type="fig"}), suggesting the snail may, at least partially, be a common 'target\' for ACL KD that may mediate its impact on cancer stemness.

Impact of ACL KD on transcription factors known to induce stemness
------------------------------------------------------------------

A number of transcription factors have been implicated in generating and maintaining stem cell properties. These include c-myc, Klf4, Oct4 and Sox2. We therefore tested whether the expression levels of these factors were influenced by ACL KD. In A549 cells, the greatest effects were seen on the first three of these transcription factors and no impact was noted on Sox2 gene expression ([Figure 6](#fig6){ref-type="fig"}). Similar data were noted when ACL was knocked down in E-snail cells (data not shown).

Discussion
==========

CSCs and metabolism
-------------------

The connection between metabolism and stemness is a relatively new area of investigation. If we were to uncover metabolic properties that are unique to stem cells and in particular to CSCs, it would provide new targets for cancer therapy. Along these lines, it has recently been reported that the metabolic enzyme glycine decarboxylase is critical for tumor-initiating cells in NSCLC.^[@bib31]^ There is also an emerging literature on metformin and CSCs, but whether the ability of this biguanide to impact stem cell properties is mediated through activation of AMPK remains to be established.^[@bib32]^ Here we report that the inhibition of ACL has a major influence on CSCs.

Our study suggests several mechanisms by which ACL inhibition influences stem cells. The fact that administration of hydroxycitrate can mimic the phenotype induced by ACL KD suggests that the enzymatic activity of ACL is critical for stem cell maintenance. In turn, this result suggests that either the accumulation of citrate and/or the depletion of acetate leads to the phenotype. Supporting this hypothesis, we have shown that replenishment of acetate abrogates the phenotype at least partially. We also have unpublished data that administration of citrate can in fact mimic the phenotype of ACL KD (Hanai, Ren, Seth and Sukhatme, unpublished data). It is conceivable that hydroxycitrate acts not only as a competitive inhibitor for ACL but also that it might alter the conformation of ACL, thus influencing its interaction with other partners such as snail. Indeed, we have presented evidence that the ACL protein forms a complex with snail, and that it has the ability to alter snail function.

Another mechanism by which ACL KD might diminish stemness could be through its effect on glycolysis. Stem cells tend to reside in hypoxic niches and therefore most likely rely on glycolysis followed by fermentation, that is, the Warburg effect for their sustenance. Thompson *et al.*^[@bib28]^ noted that glycolysis was inhibited in 3T3-L1 preadipoccytes with ACL KD. It is tempting to speculate that citrate accumulation as a result of ACL KD is inhibiting glycolysis, as citrate is known to affect phosphofructokinase-1.^[@bib33]^ Indeed, we have unpublished data that inhibition of the glycolytic pathway can also impact stem cells (Hanai, Seth and Sukhatme, unpublished data).

CSCs and EMT dissociation
-------------------------

In the life of the tumor, stem cells and the EMT process often co-evolve. Extracellular factors, such as TGF-*β*1, and intracellular transcription factors, such as snail, can promote both processes. The net result is a more aggressive tumor phenotype, one that shows a propensity to metastasize, be resistant to chemotherapy and to recur.^[@bib16],\ [@bib34],\ [@bib35]^ Moreover, in some tumor progression models, the acquisition of the characteristics of CSC\'s is reported to be driven by EMT induction.^[@bib36]^ We have previously reported that ACL KD in NSCLC induces differentiation through promoting MET, the reverse of EMT.^[@bib13]^ Therefore, we asked whether ACL KD might downregulate cancer stemness. This was found to be the case, thus uncovering a novel function for ACL. However, to our surprise we found that interruption of the MEK pathway was critical in maintaining the stemness phenotype induced by the Ras oncogene, whereas inhibition of the either MEK pathway or PI3K pathway impacted the EMT process, as indicated by the expression of E-cadherin and vimentin. This dissociation of EMT and stemness is a novel finding.

It is worth noting that a MEK inhibitor has different effects on normal stem cells than what we have found in CSCs. Indeed, MEK inhibition on normal stem cells (induced pluripotent stem cells and embryonic stem cells) maintains self-replication of the pluripotent state and inhibits their commitment to differentiate.^[@bib30],\ [@bib32],\ [@bib33]^

Translation to the clinic
-------------------------

We do not know how specific the action of ACL inhibition is on CSCs *versus* normal stem cells. Another limitation of our study is that it is solely *in vitro* work. Previous *in vivo* studies by us and others have not evaluated the impact of ACL depletion on CSCs. Moreover, the correct experimental design to maximize the efficacy of such therapies (i.e., reduce tumor burden and prevent recurrence) would be to target both stem and non-stem cell compartments and this was done in the previous studies.

Of note, we have been able to demonstrate that ACL inhibition impacts stemness induced by Ras activation in non-small-cell lung cancer and breast cancer lines. Moreover, stemness induced by activation of a number of other oncogenic events such as constitutive activation of EGFR, src, a catalytic subunit of the PI3K, as well as loss of the tumor suppressors p53 and PTEN are all impacted by ACL inhibition. Moreover, snail expression is also diminished in these systems by ACL inhibition. Given the data describing the interaction of ACL with snail, and the ability of ACL to inhibit snail action, it is conceivable that the underlying mechanism by which ACL inhibits such a broad range of oncogenic and tumor-suppressor activities is through its influence on snail. These results collectively suggest that ACL inhibition may impact CSCs in a broad range of genetic backgrounds and thus have widespread applicability.

Materials and Methods
=====================

Viral constructs, antibodies and reagents
-----------------------------------------

An empty shRNA vector (pGIPZ) was used as a control and three different ACL shRNA lentiviruses (pGIPZ) were obtained from Open Biosystems (now ThermoFisher Scientific, Cambridge, MA, USA), as previously described.^[@bib13]^ These shRNAmir target sequences were also cloned from pGIPZ into pTRIPZ (tetracycline-inducible expression vector, Open Biosystems) by a simple restriction digest to generate the pTRIPZ ACL shRNAmir clones, as described previously.^[@bib13]^ GFP-tagged ACL, AKT1 and AKT2 were generated by the standard PCR method, subcloned into pEGFP-C3 and pLVX-Tight-Puro (Clontech, Mountain View, CA, USA) to generate tetracycline-inducible overexpression lentiviral constructs. Retroviral construct for snail (pBabe-puro-snail) was a gift from Dr. Yoshikawa (Kyoto University). ACL, phospho-AKT 308, phospho-AKT 473, phospho-ERK, AKT1, AKT2, Snail (SN9H2 for WB), Snail (C15D3, for IP) antibodies were purchased from Cell Signaling Technology (Danver, MA, USA). E-cadherin (G-10), vimentin antibodies were from Santa Cruz Biotechnology (Dallas, TX, USA).*β*-Tubulin antibody, Hoechst 33342 (Bisbenzimide H 33342) and (−)-calcium hydroxycitrate tribasic from Sigma-Aldrich (St Louis, MO, USA). Slug and twist antibodies were from Abcam (Cambridge, MA, USA). Glycine dehydrogenase antibody was from Origene (Rockville, MD, USA). CD44-FITC (G44-26), CD44-PE-Cy7, CD24-PE and CD166-FITC antibodies were from BD Biosciences (San Jose, CA, USA), and CD34-FITC, CD133-PE (293C3) antibodies were from Miltenyi Biotec (Auburn, CA, USA), ALDEFLUOR^R^ was obtained from Stem Cell Technologies (Vancouver, BC, Canada). Doxycycline was from Sigma-Aldrich, and MEK inhibitor (U0126), Wortmannin and LY294002 (PI3K inhibitor) were from Cell Signaling Technology.

Cells and cell culture
----------------------

A549 cells were purchased from the American Type Culture Collection and maintained in Ham\'s F-12 medium (Mediatech, Dallas, TX, USA) supplemented with 10% FCS and penicillin/streptomycin (P/S). H1650 and H1975 cells were maintained in RPMI medium (Mediatech) supplemented with 10% FCS and P/S.^[@bib37]^ 293FT cells were purchased from Invitrogen (Carlsbad, CA, USA) and maintained in Dulbecco\'s modified Eagle\'s medium (DMEM) supplemented with 10% FCS and P/S supplemented with 1 mM MEM non-essential amino acids, 6 mM ℒ-glutamine, 1 mM sodium pyruvate and 500 *μ*g/ml geneticin. Immortalized human breast epithelial cells (HMLE), which were generated through the introduction of the SV40 large T antigen and hTERT, and tumorigenic human breast epithelial cells, which were generated via retroviral infection of H-RasV12 into HMLE cells (HMLER), were gifts from Dr. Weinberg (Whitehead Institute) and maintained in mammary epithelial growth (MEGM) medium (Biowhittacker, Inc., Maryland, MD, USA); a serum-free medium composed of modified MCDB 170 basal medium with supplements) as described.^[@bib38]^ All cell lines were grown at 37 °C in a humidified incubator with 5% CO~2~. Cells were grown to 60--70% confluency, harvested with trypsin and resuspended to the cell density required for each assay.

Generation of modified cell lines via viral infection
-----------------------------------------------------

ACL stable KD A549 cell line and ACL (doxycycline)-inducible KD A549 or HMLER cell lines were generated as previously described,^[@bib13]^ using pGIPZ and pTRIPZ constructs. A549, HMLE and HMLER cells overexpressing ACL, AKT1 or AKT2 (doxycycline inducible system) were generated using pLVX-Tet-On and pLVX-Tight-Puro lentiviral constructs (gifts from Drs. Lewis C Cantley and Atsuo Sasaki). Recombinant lentiviral particles were produced by transient transfection of 293FT cells according to a standard protocol. Subconfluent 293FT cells in a 10-cm dish were co-transfected with 3 *μ*g of an shRNA plasmid, and 9 *μ*g Viral Power packaging mix (an optimized proprietary mix of three plasmids, pLP1, pLP2 and pLP/VSVG from Invitrogen) using Lipofectamine 2000 (Invitrogen). After 16 h, the cells were switched to regular growth medium and were allowed to incubate for an additional 48 h. Conditioned cell culture media containing recombinant lentiviral particles was harvested and frozen. Each cell line (A549, HMLE or HMLER) was initially treated with the above cell culture supernatant containing pLVX-Tet-On lentiviral particles for 24 h. These cells were then selected with G418 geneticin (Invitrogen; 500 *μ*g/ml) to generate stable cell lines with pLVX-Tet-On regulator vector, which were subsequently treated with pLVX-Tight-Puro lentiviral particles containing ACL, AKT1 or AKT2, and selected in puromycin (Invitrogen; 1 *μ*g/ml) to generate stable cell lines of each inducible overexpressing system. HMLE cells of stably overexpressing snail (HMLE-snail) were generated via retroviral infection. 293FT cells in 1 well of 24-well-plate (approximately 8 × 10^4^ cells/well) were transfected with 0.2 *μ*g of pBabe-puro-snail and 0.2 *μ*g of pCL ampho using 1 *μ*l of Fugene6 (Roche Applied Science, Branford, CT, USA) and 20 *μ*l of OPTIMEM (Invitrogen) in 1 ml of conditioned medium. Medium was changed from DMEM (10% serum) to DMEM (10% serum)+MEGM (1 : 1) at 24 h after transfection and supernatant was collected and filtered using a 0.45-*μ*m filter. This 400 *μ*l retroviral supernatant was subsequently used for infection with 600 *μ*l of MEGM and polybrene (Millipore; 1 *μ*l) for HMLE cells in 1 well of 24-well-plate (approximately 1.2 × 10^4^ cells/well). After 48 h from infection, HMLE cells were selected with puromycine (1 *μ*g/ml) for 96--120 h. Every generated cell line was validated for each expression by WB analysis. MCF10A cells overexpressing PI3K or shPTEN were gifts from Dr. Tina L Yuan (UCSF Helen Diller Cancer Center) and MCF10A tamoxifen inducible Src overexpressing cells (MCF10A-ER-Src) were provided by Dr. Kevin Struhl (Harvard Medical School).

IP and WB
---------

Cells were washed, scraped and solubilized in a RIPA lysis buffer (Boston BioProducts, Ashland, MA, USA); Tris-HCl 50 mM, pH 7.4, NaCl 150 mM, NP-40 1%, sodium deoxycholate 0.5%, SDS 0.1%) with protease (Roche) and phosphatase (Active Motif, Carlsbad, CA, USA) inhibitor cocktail. After 20 min on ice, the cell lysates were pelleted by centrifugation and the supernatants (cell lysates) were used for IP--WB or directly used for WB.^[@bib39]^ For IP, cell lysates were pre-cleared by incubation with protein A/G-agarose beads for 30 min at 4 °C, then incubated with snail antibody for 2 h, followed by incubation with protein A/G--Sepharose beads for 30 min at 4 °C. The beads were washed four times with the RIPA buffer. The immune complexes were then eluted by boiling for 3 min in the SDS sample buffer containing 10 mM dithiothreitol and subjected to SDS-PAGE. Aliquots of the cell lysates or cell lysates for direct WB were subjected to SDS-PAGE without IP. Proteins were electrotransferred to PVDF membranes and immunoblotted with each antibody and detected using Super Signal West Pico Chemiluminescent substrate (Pierce). For re-blotting, the membranes were stripped following the manufacturer\'s protocol. Each blot shows representative data that was obtained from at least three independent experiments.

Quantitative changes in protein expression were analyzed using densitometry software (ImageJ, NIH), as described previously.^[@bib13]^

Flow cytometry analysis and FACS
--------------------------------

Nonconfluent cultures were trypsinized into single-cell suspension, counted, washed with phosphate-buffered saline (PBS) supplemented with 5% FBS, and stained with antibodies specific for human cell surface markers as previously described.^[@bib40],\ [@bib41]^ Briefly, a total of 250 000 cells were incubated with antibodies for 25 min at room temperature. Unbound antibody was washed off and cells were processed for flow cytometry analysis no longer than 1 h post staining on a Becton Dickinson SORP LSR II, and data were analyzed with CELLQuest Pro software (BD). HMLER cells were FACS-sorted using a Beckman Coulter MoFlo (at BIDMC Flow Cytometry Core) into stem cell population (S: CD44 high and CD24 low) and non-stem cell population (NS: CD44 low and CD24 high). For the detection of CD44, CD44-FITC (G44-26) or CD44-PE-Cy7 was used.

Hoechst 33342 staining and FACS analysis (side population method)
-----------------------------------------------------------------

The Hoechst staining was performed as previously described.^[@bib42]^ Briefly, cells were sieved through a 40-*μ*m cell strainer (BD Falcon, San Jose, CA, USA), then the cells were resuspended in conditioned medium (100 000 cells/ml) and allowed to recover at 37 °C for 1 h before treatment with Hoechst. Hoechst 33342 was added at a final concentration of 2.5 *μ*g/ml and incubated at 37 °C for 1 h. In the control reactions, verapamil (Sigma-Aldrich) was added at a final concentration of 50 *μ*g/ml. After incubation, cells were washed once with PBS, and resuspended in PBS supplemented with 5% FBS. Cells were stained with 1 *μ*g/ml propidium iodide (Sigma-Aldrich) for viability, then analyzed by flow cytometry.

Mammosphere formation assays
----------------------------

Single cells were plated in six-well ultra-low attachment plates (Corning Incorporated, Corning, NY, USA) at a density of 20 000 viable cells/ml. Cells were grown in serum-free MEGM (Biowhittacker, Inc) supplemented with B27 (Invitrogen) and 10 ng/ml epidermal growth factor (BD Biosciences) as described.^[@bib43],\ [@bib44]^ Mammospheres were collected by gentle centrifugation (800 r.p.m.) after 12 days, and were fractionated by size using 100 *μ*m cell strainers (BD Pharmingen) and counted microscopically. Pictures were taken to assess the ratio of spheres to aggregates of cells. To correct for differing growth rates of the cell lines, the average tumorsphere number on day 12 was divided by a proliferation constant for the cell line. To quantify proliferation, cells were seeded on day 0 at 50 000 cells/well in a six-well dish in duplicate. Cells were fixed and stained with 0.1% crystal violet and quantified by extraction in 10% acetic acid and spectrophotometer reading at optical density 600 nm.

Tumorsphere formation assay
---------------------------

Single-cell suspensions were plated (20 000 cells/well) in six-well ultra-low attachment plates (Corning) in conditioned medium as previously described.^[@bib41],\ [@bib43]^ Tumorspheres were cultured for 12 days, collected and counted in the same way as for the mammosphere assay.

Transient transfections and transcriptional reporter analysis
-------------------------------------------------------------

Subconfluent (70--80%) cells in six-well plates were transfected using FuGENE6 (Roche). Total amount of transfected DNA in each experimental group was adjusted to the same value by adding empty vector DNA. The human E-cadherin promoter^[@bib45]^ (E-cad-Luc-pGL3, a gift from Dr. Frans Van Roy, VIB-Ghent University) was used as a reporter and pRL TK vector (Renilla luciferase reporter, Promega, Madison, WI, USA) was used as an internal control reporter with combination of pBabe snail or pGIPZ-shRNAmir ACL. After transient transfection of the plasmids, cells were incubated for 20 h and luciferase activity in the cell lysates was determined by luminometer, using the Dual-Luciferase Reporter Assay System (Promega). The activity was normalized using Renilla luciferase activity under the control of the thymidine kinase promoter.^[@bib46]^

Statistical analyses
--------------------

Student\'s *t*-test was used to evaluate the statistical significance of the results. All values are expressed as Mean±S.E.

We thank Drs. Barden Chan and Susumu Kobayashi (BIDMC) and members of the Sukhatme laboratory for useful discussions. Also we thank Dr. Tina L. Yuan (UCSF Helen Diller Cancer Center) and Dr. Kevin Struhl (Harvard Medical School) for providing us the modified cell lines of MCF10A and Drs. Lewis C. Cantley (BIDMC), Atsuo Sasaki (University of Cincinnati) and Kiyotsugu Yoshikawa (Kyoto University) for viral constructs. We also thank Dr. Frans Van Roy (VIB-Ghent University) for providing us the human E-cadherin promoter. This work was supported by seed funds from Beth Israel Deaconess Medical Center to VPS.

ACL
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EMT

:   epithelial--mesenchymal transition
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:   knockdown
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:   cancer stem cell
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:   Dulbecco\'s modified Eagle\'s medium
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:   immunoprecipitation
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:   western blot
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![Stem cell populations in non-small-cell lung cancer (NSCLC) cell lines are downregulated by ACL KD. (**a**) NSCLC cell lines (A549 and H1975) and their ACL KD permanent clones were analyzed by flow cytometry using aldefluor, CD133, CD133/CD34 antibodies or Hoechst 33342 (side population method). (**b**) Tumorsphere formation assay using NSCLC cell lines (A549, H1975 and H1650) and their ACL KD permanent clones, compared with normal lung epithelial cell line (BEAS-2B). Size bar indicates 100 *μ*m. (**c**) Tumorsphere assay using doxycycline inducible ACL KD cells (A549). Size bar indicates 100 *μ*m](cddis2013215f1){#fig1}

![Impact of ACL expression on Ras-transformed breast cancer cells. (**a**) Characteriztion of non-tumorigenic cells (HMLE) and Ras-tarnsformed HMLE (HMLER). FACS analysis of HMLE using CD44 and CD24 antibodies shows a single population, which is, in turn, separated into two populations via Ras-transformation. CD44(+)/ CD24(−) is a stem cell population (S) and another population (CD44(−)/CD24(+)) is a non-stem population (NS). Each population is isolated separately by FACS sorting and confirmed by mammosphere analysis (size bar indicates 100 *μ*m.). Morphological analysis and western blot of these S and N populations with original HMLE and HMLER cells demonstrates a clear contrast between mesenchymal (S) and epithelial (NS) cells. (**b**) Doxycycline inducible ACL overexpression clones are generated in HMLER cells and analyzed by FACS. Induced ACL overexpression upregulated stem cell population. (**c**) Doxycycline inducible ACL KD clones in HMLER shows reduced stem cell population. (**d**) S cells (stem cell population sorted out from HMLER cells) were treated with hydroxycitrate (an enzymatic inhibitor of ACL) at the indicated concentration and analyzed by flow cytometry](cddis2013215f2){#fig2}

![Ras-induced stemness in breast cancer cells (HMLER) is mediated through MAPK. (**a**) HMLER cells were treated with PI3K inhibitor (LY294002) or MEK inhibitor (U0126 or PD035901) for 3 days and were analyzed by FACS. The activity of each inhibitor was validated by western blot. (**b**) The effect of each inhibitor on EMT markers and on transcription factors was analyzed by western blot. Both inhibitors reversed EMT but only the MEK inhibitor suppressed snail expression. Snail expression was reduced by MEK inhibitor (♦). The quantitative data are shown on the right side in the graph as a % of maximum intensity in each category (PI3K inhibitor-treated group and MEK inhibitor-treated group for each protein expression)](cddis2013215f3){#fig3}

###### 

Association between snail and ACL. (**a**) HMLE, HMLE-snail and HMLE-snail ACL KD cells were processed for FACS and mammosphere analysis (size bar indicates 100 *μ*m.). (**b**) HMLE-snail cells treated with or without hydroxycitrate (2 mM) were analyzed by FACS and mammosphere assay (size bar indicates 100 *μ*m.). (Lower left panel) Inducible ACL overexpressing HMLE cells (E-eACL), Snail stable overexpressed HMLE cells (E-snail) and inducible ACL overexpression plus snail overexpressed HMLE cells (E-snail ACL KD) were compared with HMLE cells for ACL and snail expression levels. ACL overexpression in HMLE could not increase snail expression, but overexpressed snail in HMLE snail cells were downregulated by ACL KD. (Lower right panel) Inducible expression of ACL in HMLER cells (R-eACL) were analyzed by western blot with or without doxycycline induction. Two different clones with different expression levels of vimentin were used. In both clones, induced overexpression of ACL increased snail protein expression. (**c**) HMLE, stem cell population from HMLER, HMLE-snail and HMLE-snail ACL KD were used for IP--western blotting. Fifty microliters of each cell lysate (1000 *μ*l) was processed for western blot of ACL and snail. The remaining portion of each lysate was immunoprecipitated with control anti-human IgG antibody or snail antibody and blotted with ACL. The arrow indicates the size of ACL protein. Physical association between ACL and snail was observed in HMLE-snail cells, where the amount of snail and ACL expression was highest. (**d**) A549 control cells, ACL KD cells and ACL KD with overexpressed snail (ACL KD-snail) cells were analyzed by western blot and mammosphere assay (size bar indicates 100 *μ*m.). Knocked-down ACL expression was rescued by snail overexpression; reduced tumorsphere formation activity by ACL KD was also rescued. (**e**) (Upper and lower left panel) AKT1, AKT2 or ACL inducible overexpressing clones in ACL KD A549 cells were analyzed by western blot and tumorsphere assay (size bar indicates 100 *μ*m.). AKT1 or AKT2 overexpression did not rescue downregulated snail expression in ACL KD cells. (Right upper panel) HMLER and HMLER treated with acetate were analyzed by FACS using stem cell markers (upper). (Right lower panel) A549 cells and A549 ACL KD cells were treated with acetate and analyzed by mammosphere assay. (**f** and **g**) Transcriptional analysis of human E-cadherin promoter. E-snail cells were transfected with the ACL KD construct and internal control vector (pRL TK vector; left panel of **e**), and A549 inducible ACL KD cells were transfected with snail expression construct and pRL TK vector (right panel of **f** and **g**). Each cell lysate was analyzed for luciferase activity by luminometer, which was normalized by Renilla luciferase activity (internal control). Expressions levels of snail and ACL (**g**) at the marked conditions (♦) were confirmed by western blot

![](cddis2013215f4a)

![](cddis2013215f4b)

![](cddis2013215f4c)

![Effects of ACL KD on stemness in other tumorigenic systems. (**a**) MCF10A cells were stably transfected with PIK3CA (PI3K catalytic unit) or shPTEN (shRNA for PTEN). Cells in these backgrounds with ACL knockdown were analyzed by mammosphere assay and compared with control cells. Size bar indicates 100 *μ*m. (**b**) MCF10A cells with ER-Src; ACL knockdown in these cells were analyzed by mammosphere assay. Size bar indicates 100 *μ*m. (**c**) C8161 (melanoma) cells and ACL knockdown clones were analyzed by mammosphere assay. Size bar indicates 100 *μ*m. (**d**) Diminished snail expression by ACL KD was detected by western blot](cddis2013215f5){#fig5}

![Effects of ACL KD on Yamanaka (pluripotency) factors. Real-time PCR analysis of the indicated factors in A549 control cells and A549 ACL knockdown cells](cddis2013215f6){#fig6}
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